Abstract.
Introduction
Shape Memory Alloys (SMA) have essential advantages in comparison with conventional actuators, in particular the high power density and the silent mode of operation. However, this material has not gained acceptance in technical applications yet. The main reasons are the missing simulation tools and a lack of knowledge of Therefore, this article investigates the impact of thermo mechanical pre-treatment on the characteristics of lownickel and high-nickel alloys. In this context, configured samples are evaluated with regards to selected parameters of efficiency. Furthermore, the function stability of samples with a high efficiency under the influence of temperature is analysed.
Experimental Procedure
The experimental analysis can be divided into sections such as thermo mechanical configuration, pull-out test, activation and temperature stability analysis. The tests analyse the characteristics of SM-wires made of low-nickel and high-nickel alloys, with a diameter between 0.2mm and 0.4mm. Under the influence of room temperature the high-nickel alloy shows pseudo elastic behaviour while the low-nickel alloy shows a thermal effect. Table 1 shows the essential characteristics of both alloys. 
Thermo mechanical pre-treatment
The modification of specific characteristics of the low-nickel and high-nickel SM-wires is caused by thermo mechanical pre-treatment. This treatment includes the annealing of cold drawn wire samples in an oven (deformation approx. 30%), under variation of the parameters annealing temperature and annealing time.
. The annealing times were 5 and 20 minutes respectively. The configuration parameters of the analyzed wire samples are listed in Table 2 . 
Pull-out test
The thermo mechanical pre-treated SMA-wires undergo the pull-out test in order to determine the relevant functional characteristics of the samples. At first the test determines which SM-effect is caused by the thermo mechanical pre-treatment. In samples of the high-nickel alloy S the pseudo elastic effect as well as the thermal effect can occur, for example. Additionally, this analysis determines the rate of the martensitic and/or austenitic plateau stress and the residual strain of the wire samples. Fig. 1 (a) depicts pull-out test stand used for the test analysis.
Activation test
Activation of the SM-wires follows the pull-out test. The activation is carried out in a specially-developed test stand. This test detects the transformation temperatures as well as the variation of the pseudo plastic strain, which are an indicator for the performance of the thermal effect. 
Temperature stability test
The temperature stability test analyses the impact of the thermo mechanical pre-treatment of the SM-wires on the stability of the SM-effect under the influence of increased temperatures. The test can be divided into a series of experiments, e.g. short-time strength and fatigue-strength analysis. In terms of the short-time strength tests a strained and loaded wire is continuously heated to high temperatures until it loses the SM-effect and expands. The pre-strain and the load represent the variable test parameters. The analysis of the fatigue-strength observes the impact of a permanent prevailing temperature on the stability of the SM-effect. In this case the configured wire is pre-strained to a defined value, applied with a certain load and maintained at a constant temperature for several days. The elongation of the wire indicates its efficiency loss. Both temperature stability tests are carried out in the activation test stand (cf. Fig. 1(b) ).
Results and Discussion

Pull-out test
All thermo mechanical configured samples undergo the pull-out test in order to specify their characteristics such as type of effect, plateau level and residual strain. The samples are strained to 6%. This strain value is selected because at this particular strain it is still part of the region of the martensitic stress plateau. Fig. 2 shows the results of the pull-out test of the S alloy samples. Only because of this high-nickel alloy there is the possibility to achieve the coexistence of the thermal and the pseudo elastic effect. This is done by shifting the fresponsible for the shift of transformation temperatures which are caused by dislocation or precipitation particles [2]. That a substantial pseudo elastic characteristic only occurs with the 300-5er and the 500-5er samples.
All samples of the high-nickel alloy S have a substantial stress plateau of different values depending on the configuration temperature. The lowest plateau stress (approx. 350 N/mm 2 ) and the highest residual strain occur at the 500-20er sample. The plateau form slightly increases in all samples except for the 700er sample. All samples of this alloy show that the thermal effect is not dependent on annealing time The different mechanical characteristics regarding annealing temperature can be traced back to the recovery and re-crystallization processes within the atomic structure of these samples. During the strain process, all samples of the low-nickel alloy H achieve the martensitic stress plateau much as the level of the S-samples. The lowest plateau stress (approx. 150 N/mm 2 ) and the highest residual strain can be detected for the 500-20er sample. According to [1] , this behavior can be explained by a distinctive sub-grain structure, which is common for these annealing parameters. 
Activation test
Evaluation of the activation test results are carried out in standard strain-temperature diagrams. Specific values such as the transformation temperatures or the irreversible strains of the samples can be taken from these diagrams (cf. Figs 4 and 5) . Some samples of the alloy S show a lower residual strain before the activation than after the straining process. This conclusion is based on the fact that the samples already undergo parts of the austenitic phase change at room temperature due to their low A s -Temperatures. Consequently, the strain of the wire resulting from the pull-out test is reduced. The following results can be taken from the diagrams:
The 400-20er and the 500-20er samples show the best one-way behaviour of all tested samples of the alloy S with a high residual strain before activation of approx. 4% and a minimal residual strain after activation.
the 500-20er sample. This trend continues with further increase of the annealing temperature. It is likely that the partial interference of the transformation fronts caused by growing precipitation particles is responsible for this trend. The austenitic transformation of the H-alloy samples proceeds in accordance with the annealing parameters. In contrast to the S-alloys they also have considerably different temperatures. (cf. Fig. 5  (a) ). The 300er sample shows the best functional characteristics; its dislocation structure still remains. Before activation the residual strain is approx. 5%; after activation it runs toward 1%. The transformation of the 300-stransformation disposition of the strongly deformed structure. The 400-e In contrast to the alloy S the transformation interval does not show any considerable variation while increasing the annealing temperature [3] . Concerning residual deformation it can be stated that with increased transformation temperatures and transformation times the irreversible deformation after activation also increases. This leads to a reduction of the effect value. 
Temperature stability
The SM-wires of the highnnealing time of 20 minutes. Therefore, the temperature stability of these samples is analysed. Moreover, the austenitic phase change can be monitored with conventional test methods in the activation test stand. The samples of the low-nickel alloy H only show a one-way effect. However, many of the tested samples have similar characteristics regarding their transformation temperatures and plateau level. This is why the tests only cover samples which have the largest margins with regards to their characteristics. These samples are the SM-
Short-term stability
For the investigation of the short-term stability, the samples of both alloys are charged with different loads and are pre-strained with different strengths. Table 3 indicates the test parameters of the short-term stability tests. Determination of the breakdown temperature of SM-elements results by means of stress-temperature-diagrams (cf. Fig. 6 ). These breakdown temperatures only account for very short dwelling times in a single digit minute value. If the dwelling time required to reach the temperature stability is increased, the breakdown temperature will be reduced significantly. This is also illustrated by the results of the long-term tests.
The diagram allows the following conclusions with regards to the impact of the pre-stress and pre-strain as well as the pre-treatment.
The pre-stress has a significant impact on the breakdown temperature. Especially the step from 100 to 200 N/mm 2 From 200 N/mm 2 the reduction of the breakdown temperature is less intense. This fact indicates that, -crystallization processes already take place at lower temperatures. The pre-strain plays only a secondary role, or it has no impact at all on the breakdown temperature. In comparison to the pre-strain, the configuration parameters and/or the type of alloy show a significant impact on the breakdown temperature. In this context the S-alloy performs better than the H-alloy. The breakdown temperatures of the Shigher for the 500er samples. A reason for this could be the existence of precipitation particles inside the high-nickel S-alloy. These interfere with re-crystallization, or they need more energy to dissipate, which leads to higher breakdown temperatures.
Fig. 6:
Breakdown temperature in relation to pre-stress for different pre-treatments.
Fatigue strength
The fatigue strength analysis is performed for samples of both alloys, which are annealed for 20 minutes at is no considerable decline of the SM-effect. and therefore in a reduced fatigue strength. The impact of the stress is not that serious for the H-alloy. A considerable stability loss of the wire can only be observed at a pre- leads to a significant decline in the long-term characteristics. Furthermore, the alloy S shows a better stability behavior again. The sample with the higher pre-stress shows a higher residual strain of approx. 2%. The two graphs have identical curves. Therefore, one can assume that the fatigue strength characteristics of NiTi-wires can be changed by parameters such as pre-stress and ambient temperature [4] . As a result, a higher fatigue strength can be caused by reducing the pre-stress or lowering the ambient temperature.
The same applies for the test graphs of alloy S. 
Conclusions
The effect size of the SM-wires decreases in all experiments if the configuration temperature is increased. The best results regarding the characteristics of the thermal effect show the samples of the high-nickel alloy S at a treatment have a well---strain of 6%. The parameter itself results from the difference of the residual strains after the pullout test and after activation. The samples of lowtechnically usable effect value lies at 4%, while pre-straining the wire to 6%. Further configuration parameters are also available for alloy H and these led to similar effect values. While performing the temperature stability tests, it could be observed that an increased pre-strain of the SM-wire had no considerable impact on the short-term stability of the samples. However, the increase of the pre-strain of the wire samples led to a significant decrease of the breakdown temperature of the SM-wire. While performing the fatigue strength tests, the impact of the pre-stress on the stability of the samples was investigated and verified. Already low preby the elongation of the SM-wires. Furthermore, the impact of the temperature on the fatigue strength was investigated. The results lead to the conclusion that an increase of the ambient temperature is equivalent to the pre-stress of a lower temperature durability of the SM-wires.
